The lateral nucleus of the amygdala (LA) receives excitatory (glutamatergic) inputs from thalamic and cortical sensory processing areas and is believed to be involved in evaluation of the affective significance of sensory events. We examined whether serotonin (5-HT) affects excitatory transmission in auditory afferents to the LA and, if so, whether this modulation of sensory transmission is regulated by the stress hormone corticosterone (CORT). Neuronal activity in the LA was elicited via iontophoretic ejection of L-glutamate or synaptically via electrical stimulation of auditory afferent pathways. In the intact rat, iontophoretically applied 5-HT inhibited both synaptically and glutamate-evoked action potentials in most neurons examined. However, after adrenalectomy (ADX), which eliminates endogenous CORT, 5-HT no longer inhibited evoked activity in the LA. High-CORT doses given to ADX animals reinstated the inhibition of excitatory transmission of 5-HT, whereas low-CORT doses had little effect. Immunocytochemical labeling of the glucocorticoid receptor in the intact rat demonstrated nuclear staining throughout several amygdala regions, including the LA. However, after ADX, no nuclear labeling was visible. With a high replacement dose of CORT (5 or 10 mg) after ADX, dense nuclear staining returned, but with a low replacement dose (1 mg/kg), there was only light nuclear staining. Thus, the ability of 5-HT to modulate glutamatergic activity in auditory pathways to the amygdala is dependent on the presence of CORT and possibly glucocorticoid activation. Via this mechanism, 5-HT modulates the processing of sensory information within the LA and thus may regulate amygdala-related functions.
The lateral nucleus of the amygdala (LA) receives excitatory (glutamatergic) inputs from thalamic and cortical sensory processing areas and is believed to be involved in evaluation of the affective significance of sensory events. We examined whether serotonin (5-HT) affects excitatory transmission in auditory afferents to the LA and, if so, whether this modulation of sensory transmission is regulated by the stress hormone corticosterone (CORT). Neuronal activity in the LA was elicited via iontophoretic ejection of L-glutamate or synaptically via electrical stimulation of auditory afferent pathways. In the intact rat, iontophoretically applied 5-HT inhibited both synaptically and glutamate-evoked action potentials in most neurons examined. However, after adrenalectomy (ADX), which eliminates endogenous CORT, 5-HT no longer inhibited evoked activity in the LA. High-CORT doses given to ADX animals reinstated the inhibition of excitatory transmission of 5-HT, whereas low-CORT doses had little effect. Immunocytochemical labeling of the glucocorticoid receptor in the intact rat demonstrated nuclear staining throughout several amygdala regions, including the LA. However, after ADX, no nuclear labeling was visible. With a high replacement dose of CORT (5 or 10 mg) after ADX, dense nuclear staining returned, but with a low replacement dose (1 mg/kg), there was only light nuclear staining. Thus, the ability of 5-HT to modulate glutamatergic activity in auditory pathways to the amygdala is dependent on the presence of CORT and possibly glucocorticoid activation. Via this mechanism, 5-HT modulates the processing of sensory information within the LA and thus may regulate amygdala-related functions.
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The amygdala has long been thought of as an interface between events in the environment and effector organs controlling behavioral, autonomic, and endocrine responses associated with emotional arousal and stress reactions (for review, see LeDoux, 1996) . Fear-conditioning studies have been especially informative in elucidating how stimuli are processed by pathways that link sensory systems with the amygdala and thereby control emotional responses (Davis, 1992; LeDoux, 1994 LeDoux, , 1996 Maren and Fanselow, 1996) . Briefly, conditioned fear stimuli, such as a tone paired with foot shock, are transmitted to the lateral nucleus of the amygdala (L A) by monosynaptic glutamatergic afferents from the auditory thalamus and cortex Farb et al., 1995; Li et al., 1995 Li et al., , 1996 Farb and LeDoux, 1997) . Signals then reach the central amygdala (CE) (Pitkanen et al., 1997) , which projects to several brain systems involved in autonomic and endocrine regulation, including the paraventricular nucleus of the hypothalamus (Kapp et al., 1992; Davis, 1994; LeDoux, 1996) , which links the amygdala directly to the hypothalamic -pituitaryadrenal (HPA) axis (Gray, 1993) . Via these pathways, the amygdala can transduce fear-conditioned stimuli or fearf ul events in the environment into a stress-activated response (McEwen and Sapolsky, 1995; LeDoux, 1996) .
Activation of the HPA axis culminates in the release of the steroid hormone corticosterone (C ORT), which then enters the brain and binds to receptors there. One class of CORT receptor is the low-affinity glucocorticoid receptor [(GR), type II], which is activated only during periods of elevated CORT. (McEwen et al., 1986; Herman et al., 1989; Sapolsky, 1996) . The LA, basal (B), and CE nuclei of the amygdala contain a relatively high density of GR (Ahima and Harlen, 1991) , suggesting that stress-induced release of CORT can activate GR and affect amygdala-related functions, such as emotional expression and neuroendocrine control. In addition, several studies have found that manipulation of GR in the amygdala affects other behavioral functions mediated by this region (Roozendaal et al., 1992; Roozendaal and McGaugh, 1997) .
Dysfunctions of the HPA axis may be related to stress and affective disorders, and these are often alleviated by serotonergic compounds (Meltzer and Lowy, 1987) . Consistent with this, the amygdala receives a dense 5-HT projection from the dorsal raphe nucleus, and activation of the dorsal raphe increases amygdala 5-HT levels and stimulates CORT release, demonstrating a potential means for direct serotonergic modulation of CORTinduced activity in the amygdala (Chaoloff, 1993; Kawahara et al., 1993) . In turn, stress hormones stimulate serotonergic activity in the amygdala (Axelrod and Reisine, 1984; Boadle-Biber et al., 1993; Inoue et al., 1993; Laaris et al., 1995) , suggesting that 5-HT-CORT interactions may be involved in amygdaladependent emotional and/or stress states.
Given the presence of 5-HT receptors in the amygdala (Radja et al., 1991) , the known interactions between glucocorticoids and 5-HT (Popava and Lobacheva, 1982; Mendelson and McEwen, 1992; McKittrick and McEwen, 1996; Joels, 1997) and the role of serotonin in depression and anxiety (Curzon, 1988) , it is important to explore how adrenal steroids interact with 5-HT and excitatory responses in the amygdala. In the present study, we therefore determined whether serotonin modulates sensory input processing in the amygdala, and if so, whether stress hormones, acting via the glucocorticoid receptor, can influence this processing. To accomplish this, we activated and recorded single units in the LA and measured the response to iontophoretically applied serotonin in the presence and absence of corticosterone.
MATERIALS AND METHODS
E xperiments were conducted on male Sprague Dawley rats weighing 250 -375 gm. All animals were housed on an alternating 12 hr light /dark cycle (lights on 7:00 A.M., lights off at 7:00 P.M.). Procedures were performed in accordance with National Institutes of Health guidelines.
Adrenalectomy surger y. Rats (225-275 gm) were anesthetized with medetomidine (0.5 mg / kg, i.p.) and ketamine (75 mg / kg, i.p.). The region of the torso overlying the adrenal glands was shaved and wiped with a topical antiseptic. L ongitudinal incisions were made over the adrenal glands and were gently retracted. Dissolvable sutures were used to rejoin the abdominal muscle wall, and the epidermis was closed with wound clips. The anesthetic reversing agent atipamezole (0.5 mg / kg, i.m.) and the analgesic butorphanol (0.5 mg / kg, i.m.) were administered at the conclusion of the surgery. Saline (0.9%) was provided to drink. At least 4 d were allowed for complete removal of endogenous C ORT before any experimental procedures were implemented.
In vivo e xtracellular single unit recording with iontophoresis. The ability of 5-HT to modulate glutamate-evoked activity, as well as synaptic activity induced by stimulating afferents, was examined. Afferents stimulated included areas of the auditory thalamus [medial geniculate, medial nucleus/posterior intralaminar nucleus (MGm / PI N)] and auditory cortex (TE3) that project to the L A Romanski and LeDoux, 1993) . Previous studies have shown that stimulation of the MGm / PI N and TE3 regions and iontophoresis of glutamate will evoke measurable actions potentials in the L A (Li et al., 1995 (Li et al., , 1996 . Once parameters were determined for eliciting stable and consistent spikes (either by stimulation level or glutamate ejection current), 5-HT was concurrently iontophoresed. This was done in intact rats and in adrenalectomy (ADX) rats with and without C ORT replacement. The ADX and ADX plus C ORT conditions were examined in the same animal. Briefly, the procedure was to record baseline activity and serotonergic modulation of excitatory transmission in the ADX animal, administer one of three doses of C ORT (1 mg / kg, 5 mg, or 10 mg, s.c.), and repeat the stimulation -recording paradigm after 1 hr to determine whether 5-HT changes in its modulation of synaptic and evoked activity. Figure 1 provides a schematic of the important pathways, receptors, and experimental setup.
Rats (n ϭ 46) were anesthetized with urethane (1.6 mg / kg) and placed in a stereotaxic frame. Body temperature (37°C) and depth of anesthesia were monitored throughout the experiment. The cranium above the L A, MGm / PI N, and TE3 regions were exposed, and the dura were retracted. Electrodes were then placed into the L A using a hydraulic microdrive, and bipolar stimulating electrodes were manually lowered into the MGm / PI N region [inserted at a 10°angle in the anteroposterior (AP) plane] and the TE3 region (inserted in a 20°angle in the AP plane). The TE3 and MGm regions were stimulated with single pulses (100 -800 A, 0.3 Hz, 300 s duration) from a Grass 88 constant-current stimulator delivered through a bipolar stimulating electrode (r ϭ 30 -40 K⍀). Electrode stereotaxic coordinates from the interaural line (in mM) were as follows: recording electrode, AP 5.8 -6.2; mediolateral (ML) 5.2; dorsoventral (DV) 6.0 -7.0; MGm-stimulating electrode, AP 3.8; ML 3.0; DV 6.1; TE3-stimulating electrode, AP 4.0; ML 6.8; DV 3.3.
Single unit recordings were obtained from glass micropipettes (1-3 m tip diameter, 10 -20 M⍀ impedance) filled with 2.5% Pontamine Sky Blue in 0.5 M sodium acetate. Single unit activity was amplified, filtered, and discriminated. Undiscriminated output was viewed on a Tektronix storage oscilloscope, and discriminated output was digitized for the construction of poststimulus histograms using a C ambridge Electronic Design 1401 computer interface (Science Park, C ambridge, UK).
Microiontophoresis was accomplished by gluing a five barrel micropipette (10 -20 m tip diameter) adjacent to the single barrel micropipette with a light curing dental fixative (Silux; 3M, St. Paul, M N). The tip of the recording pipette extended 15-35 m beyond the tip of the iontophoretic pipette. The center barrel was filled with 0.9% saline for automatic current balancing. The remaining barrels were filled with glutamate (10 mM L-glutamic acid, pH 8.0, Ϫ5.0 to 30 nA ejection current, 10 nA holding current), or serotonin (20 mM serotonin creati- Figure 1 . Schematic of the relevant pathways and receptors in the amygdala complex. The auditory thalamus (MGm / PI N) and cortex (TE3) send glutamatergic projections to the LA. The CE is the output nucleus of the amygdala and receives projections from both the L A and B and sends projections to paraventricular nucleus of the hypothalamus, connecting the amygdala complex to the HPA axis. The type II glucocorticoid receptor is found throughout the amygdala. The dorsal raphe sends a strong serotonergic projection to the amygdala complex with 5-HT 2A and 5-HT 3 receptors in the L A and B nuclei and 5-HT 1A receptors in the CE (data not shown).
nine sulfate, pH 4.0, 10 -80 nA ejection current, Ϫ10 nA holding current). C ORT was suspended in 1 ml of sesame oil and injected subcutaneously. All drugs were purchased from Sigma (St. L ouis, MO).
Placements of recording sites were marked by iontophoretically depositing Pontamine Sky Blue. Animals were perf used with 10% formalin and post-fixed, and brains were cut on a sliding microtome into 50-mthick sections. Sections were Nissl-stained and coverslipped, and the location of the dye spot and stimulating electrodes were determined under light microscopic examination.
Immunoc ytochemistr y. Immunocytochemistry was used to examine the distribution of the GR in several of the amygdala nuclei, as well as to examine any changes in receptor density as a f unction of C ORT level. The L A, B, and CE were focused on primarily. The five treatment groups examined, based on manipulation of C ORT dose, were the following: intact (no C ORT alterations); ADX; ADX plus 1.0 mg / kg C ORT replacement; ADX plus 5 mg of C ORT; and ADX plus 10 mg of C ORT.
The primary antibody used to examine the distribution of the GR was a polyclonal (rabbit) anti-human glucocorticoid receptor antibody (GR-57, 1 g /ml; Affinity Bioreagents, Golden, C O) that interacts with the activated form of the GR.
Thiry-five rats were used for immunocytochemical examination of GR receptor distribution across the five treatment groups. The number of brains within each groups were broken down as follows: intact, 4; ADX, 4; ADX plus 1.0 mg / kg C ORT replacement, 6; ADX plus 5 mg of C ORT, 10; and ADX plus 10 mg of C ORT, 11. The ADX group was killed 4 -5 d after surgery. The animals in the ADX plus C ORT conditions were killed after completion of electrophysiological experimentation, usually 2-4 hr after C ORT injection.
At the time of killing, rats were deeply anesthetized with 0.5 mg / kg pentobarbital and perf used transcardially with 200 ml of heparinized cold 0.9% saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer. Brains were post-fixed for 24 hr in the same fixative and then sectioned on a vibratome (50 m) into a PBS bath. After rinsing in PBS, sections were transferred to cell wells containing 1% bovine serum albumin, pH 7.2, for 30 min. The tissue sections were then incubated in primary antibody overnight, rinsed, and placed in the corresponding secondary antibody for 2-4 hr (biotinylated anti-rabbit IgG, Vectastain; Vector Laboratories, Burlingame, CA). Visualization of the immunoreaction used avidin -biotin incubation combined with a diaminobenzamine (DAB) reaction, as in Li et al., 1996 . After immunostaining, sections were mounted on 5% gelatin-subbed slides and viewed under a light microscope. Controls for each antibody used mismatched secondary antibodies to ensure specificity of the primary label (data not shown).
The effects of C ORT treatment on the density of GR-immunoreactive (GR-ir) neurons in the dorsal L A were quantified as per Ahima and Harlen (1991) . Briefly, neurons with distinct immunoreactivity in the dorsal L A were counted blindly in a 100 ϫ 100 m grid at a magnification of 40ϫ using the Neurolucida Stereo Investigator cell-counting software program (Micro BrightField, Inc., Colchester, V T). Total labeled cell counts were taken and f urther grouped into nuclear versus cytoplasmic staining. Nuclear immunoreactivity was determined visually as dense, small, and round compartmentalized staining, and cytoplasmic immunoreactivity as more diff use, granular, and asymmetric. Three brains were used in each C ORT condition, and three randomly selected sections were chosen from each brain corresponding to Paxinos and Watson (1986) , their Figures 27-30. The mean and SE per control or C ORT treatment group was determined from pooled counts, and data was analyzed using a one-way ANOVA and Neuman -Keuls post hoc analysis.
RESULTS Electrophysiology
Neurons in the L A were either silent or had low-firing rates (Ͻ5 Hz), as is typical for this region (C lugnet et al., 1990; Bordi and LeDoux, 1992) . Stimulation of MGm / PI N and TE3 resulted in biphasic action potentials, with relatively fixed latencies (Clugnet et al., 1990; Bordi and LeDoux, 1992; Bordi et al., 1993; Li et al., 1996) . MGm / PI N stimulation resulted in a single spike at a latency of 4 -20 msec, whereas TE3 stimulation evoked a spike at 8 -25 msec after stimulus onset. The known monosynaptic inputs to LA from the MGm and TE3 regions are glutamatergic and are presynaptic to NMDA and AM PA receptors, although the MGm pathway recruits a larger NMDA component (Li et al., 1996; Farb and LeDoux, 1997 ; M. W. Weisskopf and J. E. LeDoux, personal communication). Once LA neurons were identified via synaptic stimulation, iontophoretic application of glutamate was used to evoke action potentials.
Of the 117 neurons studied, 76 were activated by MGm stimulation, 86 by TE3 stimulation, and 64 by local application of glutamate. Many neurons could be activated from more than one source of stimulation. The neurons studied were dispersed across the five treatment groups: intact (n ϭ 24); ADX (n ϭ 32); ADX plus 1 mg/kg CORT (n ϭ 17); ADX plus 5 mg of CORT (n ϭ 25); and ADX plus 10 mg of CORT (n ϭ 19). Neurons in the ADX group were recorded from before the CORT injections, allowing for before and after CORT effects to be observed in the same animal. In six cases, the same neuron was held and recorded from both before and 1 hr after the CORT injection, and in four of those cases, the effects of 5-HT on glutamatergic activity was measured.
In all conditions, the effects of iontophoretically applied 5-HT were tested on neurons activated either synaptically and/or via glutamate application. Perievent time histograms (PETH) were constructed by accumulating the number of LA spikes elicited by a single pulse stimulus to the MGm or TE3 regions for 3 min (0.3 Hz) or by accumulating total number of spikes evoked during glutamate application. After accumulating spikes during this control period, 5-HT was concurrently applied during these conditions, and the total number of spikes was again collected and compared with the control period. If there was a substantial change in evoked activity as a result of 5-HT, a 3-10 min recovery period was allowed, after which spikes were again counted. Representative individual PETH for the intact groups are shown in Figure 2 , demonstrating the inhibitory effects of 5-HT on synaptically and glutamate-evoked LA neurons.
The effects of 5-HT application on evoked LA activity depended on the presence of the adrenal glands and varied as a function of CORT replacement in ADX animals. In intact animals, 5-HT was generally inhibitory. In the ADX group, 5-HT no longer had an inhibitory effect. This effect was also absent in the ADX plus 1 mg/kg CORT group. In the higher CORT replacement groups (5 and 10 mg), 5-HT again inhibited LA responses. There were a few cases in which 5-HT had an excitatory effect, primarily in the ADX plus 1 mg of CORT group, perhaps reflecting a type I mineralocorticoid receptor (MR)-mediated effect. Representative individual histograms for the intact, ADX, low-CORT (ADX plus 1 mg of CORT), and high-CORT (ADX plus 10 mg of CORT) groups are shown in Figure 3 . Statistical analysis of firing-rate changes as a function of 5-HT application revealed several significant effects across CORT replacement doses within each stimulation paradigm (Fig. 4. ). Data were normalized by subtracting the number of spikes evoked during 5-HT application from the preceding control period. In the glutamate group, a one-way ANOVA revealed a significant effect of CORT dose on number of spikes evoked during 5-HT application versus the preceding control period (F ϭ 5.14; p Ͻ 0.01). Newman-Keuls post hoc analysis demonstrated the intact group differed significantly from the ADX ( p Ͻ 0.05) and ADX plus 1 mg of CORT ( p Ͻ 0.05) groups but was no different from the ADX plus 5 and 10 mg of CORT groups during 5-HT application.
Analysis of MGm-evoked activity also revealed significant difference between group dose effects (F ϭ 4.07; p Ͻ 0.01). Post hoc analysis demonstrated that the intact group was significantly different from the ADX group ( p Ͻ 0.05) and was nearly signif-icantly different from the ADX plus 1 mg / kg C ORT group ( p ϭ 0.07). The intact group was not different from the high-CORT replacement groups.
For the TE3-evoked spikes between all dose groups, similar patterns were observed. However, statistical significance was not achieved because of the high variance in the ADX plus 10 mg of CORT group. If this group is removed, a statistical difference is then seen among the remaining groups (F ϭ 3.14; p Ͻ 0.05). Post hoc analysis demonstrated that the intact group differs from the ADX group ( p Ͻ 0.05) and is no different from the 5 mg of CORT replacement dose group.
A summary of mean firing rates across all conditions is shown in Table 1 . In all ADX conditions, baseline evoked activity was not significantly affected by the loss of endogenous C ORT, with the exception of the ADX glutamate baseline, which may be a reflection of the high variance seen with this data. Consistent glutamate current levels and stimulation parameters were used throughout all manipulations.
Immunocytochemistry
Immunocytochemistry using polyclonal antibodies against the GR were done in five groups: intact, ADX, and ADX with replacement C ORT (1 mg / kg, 5 mg, and 10 mg). Staining was examined at the light microscopic level to determine the intracellular receptor distribution and its translocation between cytoplasm and nucleus as a function of CORT level. In particular, examination of the intact rat shows concentrated GR staining levels in the CE, with moderate levels in the B and LA, which is consistent with previous studies (Ahima and Harlen, 1991; Honkamiemi and Pelto-Huikko, 1992) . However, an examination of activated GR distribution in the different nuclei of the amygdala and of the sensitivity of various replacement doses of CORT on GR reinstatement across the different amygdala nuclei has not been previously examined.
There was a significant main effect of CORT dose on the number of GR-ir cells in all regions examined (total cells counted, F (4) ϭ 14.59; p Ͻ 0.001; cytoplasmic, F (4) ϭ 10.12; p Ͻ 0.001; and nuclear, F (4) ϭ 10.98; p Ͻ 0.001). The micrographs displayed in Figure 5 illustrate the effect of CORT manipulation on LA neurons, demonstrating the absence of activated type II receptors in the ADX and low-CORT groups and the dense nuclear staining present in the high-CORT groups. Figure 6 shows the quantitative effects of CORT treatment on the total, cytoplasmic, and nuclear counts of GR-57-immunoreactive neurons, indicating the number of neurons in each condition with activated type II receptors. In all regions, ADX significantly reduced the density of GR-ir neurons to essentially undetectable levels. Examining the conditions with CORT present (intact, low, and high CORT), the number of neurons labeled did not change as a function of CORT Recovery groups shown only when there was more than a 50% decrease in firing rate with serotonin application. A, In this intact animal, glutamate-activated neurons were inhibited by 5-HT Ͼ50% compared with the preceding control period. However, in the ADX animal with 1 mg / kg replacement, locally applied 5-HT did not inhibit glutamate-evoked spikes. In the ADX animals with 5 or 10 mg of CORT replacement, evoked spikes were inhibited by 5-HT application. B, In this intact animal, 5-HT application inhibited MGm-evoked action potentials by Ͼ50%. In this ADX animal, synaptically evoked spikes via MGm stimulation were not inhibited by local 5-HT application with 1 mg/kg C ORT replacement. However, with higher-CORT replacement (5 or 10 mg), the inhibitory effects of 5-HT were reinstated. dose, with only the ADX group exhibiting a significant decrease (Fig. 6 A) . However, significant dose effects are seen with the examination of cytoplasmic versus nuclear staining. Counting neurons with only cytoplasmic staining (Fig. 6 B) , the intact and low-CORT groups do not differ from each other, yet the high-CORT groups are significantly different from intact ( p Ͻ 0.05), the 5 mg group is significantly different from the 1 mg/kg group ( p Ͻ 0.05), and the 10 mg group approaches significance ( p ϭ 0.06). This trend reverses when nuclear staining is counted (Fig.  6C) . Thus, both high-CORT groups are now significantly higher than the intact and low-CORT groups ( p Ͻ 0.05).
DISCUSSION
The main focus of this study was to examine the interaction of the adrenal steroid CORT with 5-HT in influencing excitatory activity in the amygdala, proposing that auditory sensory inputs are modulated by 5-HT receptors and peripheral stress hormones. Our findings demonstrated that 5-HT was consistently inhibitory in intact animals but had no effect after removal of endogenous CORT via ADX. ADX also eliminated nuclear staining of CORT receptors in the LA. Replacement of high doses of CORT reinstated the inhibition and also led to the return of dense nuclear staining.
5-HT inhibits afferent excitation in the LA
Our initial finding was that 5-HT inhibits glutamate-evoked activity in the LA. Anatomical studies have shown that the amygdala receives a dense serotonergic projection from the dorsal raphe nucleus, and activation of the dorsal raphe increases 5-HT levels in the amygdala (Chaoloff, 1993; Kawahara et al., 1993) . Specific 5-HT receptor subtypes are also distributed in the amygdala. The 5-HT 1A receptor is found predominantly in the CE, whereas the 5-HT 2 and 5-HT 3 receptors are found in the B and LA (Pazos and Palacios, 1985; Radja et al., 1991, Morales and Bloom, 1997) . A possible mode of action for this 5-HT inhibition could take several forms. One mechanism is direct inhibition via activation of inhibitory 5-HT 2 receptors located on neurons recorded from, although it is not clear on what cell types or where on the neurons these receptors would be. Another possibility is indirect inhibition via activation of GABAergic interneurons. It is known that the 5-HT 3 receptor is found on these interneurons (Morales and Bloom, 1997) and is a fast excitatory receptor in the amygdala (Sugita et al., 1992) . In support of this model, preliminary data from this lab has shown that iontophoretic administration of GABA A and GABA B antagonists blocks the inhibitory effects of 5-HT on glutamate-activated LA neurons (Stutzmann and LeDoux, 1998) 
CORT is necessary for 5-HT inhibition
If endogenous CORT is removed, 5-HT no longer has an inhibitory effect on glutamatergic activity, suggesting that this hormone plays a key role in maintaining serotonergic-mediated modulation. With acute high levels of replacement CORT, the actions of 5-HT are fully reinstated to control levels. Low doses of replacement CORT were not effective. Although ADX removes other hormones in addition to CORT, the replacement of CORT fully restores the effects of 5-HT, strongly supporting the role of this particular adrenal hormone in modulating serotonergic activity in the LA.
We found no clear effect of ADX or acute CORT replacement on glutamatergic transmission at the single unit extracellular recording level. In the ADX group, iontophoretic glutamateinduced firing rates were lower than the other treatment groups. However, it is unclear whether this is a CORT-mediated effect. Importantly, synaptically induced firing rates in the ADX group did not differ from the remaining treatment groups, suggesting Figure 4 . Bar graphs demonstrating the effects of 5-HT on evoked spikes by subtracting the number of spikes evoked during 5-HT application from the preceding control period. A, A significant effect of dose is seen in the number of spikes evoked by glutamate during 5-HT application. In the intact, ADX plus 5 mg of C ORT, and ADX plus 10 mg of C ORT groups, there is a large decrease in the number of spikes evoked during 5-HT application. However, in the ADX group, very little difference is seen between the control and 5-HT application period, and in the ADX plus 1 mg of CORT group, there is a trend toward an increase in the level of activity. B, In the MGm-stimulated neurons, a significant effect of dose is also seen in the number of spikes evoked during 5-HT application. In the intact, ADX plus 5 mg of C ORT, and ADX plus 10 mg of C ORT groups, a large decrease in the number of spikes evoked during 5-HT application is seen. However, in the ADX and ADX plus 1 mg of C ORT groups, very little difference is seen between the control and 5-HT application period. C, Of the neurons activated by TE3 stimulation, there was not a significant effect of dose. However, this is because of the large degree of variance in the 10 mg of CORT group. The overall pattern of responses is similar to the glutamate and TE3 groups, with only the intact, ADX plus 5 mg of CORT, and ADX plus 10 mg of C ORT groups showing a decrease in the number of spikes evoked during 5-HT application. *p Ͻ 0.05 that glutamatergic transmission from auditory afferents is not primarily affected at this level of observation. Regardless, 5-HT was primarily effective in inhibiting glutamate activity in the intact and high-C ORT groups and had little effect in the ADX groups.
The immunocytochemistry conducted in this study supports the involvement of the C ORT type II receptor in the observed physiology. The changes in the anatomical localization of activated type II receptors varied as a f unction of C ORT dose. Under normal and stress levels of circulating C ORT, 5-HT serves to inhibit excitatory auditory input to the L A, and this corresponds to dense nuclear GR immunolabeling in this region. With no or low levels of C ORT, 5-HT no longer modulates this glutamatergic activity, and this occurs in conjunction with low or no GR labeling. Yet, regardless of intracellular localization, the number of GR-ir neurons remains fairly constant across CORT levels, which may suggest that the number of GR does not vary significantly but will change intracellular location as a f unction of CORT levels.
This conclusion is consistent with previous studies, suggesting that GR receptors, which are normally bound to the nuclear membrane, will cross into the cytoplasm after removal of endogenous C ORT and move back to the nucleus with replacement injections of C ORT Harlan, 1991, 1992) . Although the level of immunoreactive staining does not necessarily reflect the endogenous concentration of GR, it is indicative of its relative amount among C ORT doses and intracellular compartmentalization. An interesting phenomenon is that the high-C ORT groups demonstrate predominantly higher levels of nuclear staining than the intact and low-C ORT groups, yet the observed physiology of the intact and high-C ORT groups are most similar. This may reflect differences in the length of exposure to C ORT. The administration of a single large dose of C ORT in the ADX animal will likely have time to induce transcription of some proteins involved in the observed physiological effects recorded a few hours later. However, this is not necessarily the quantitative equivalent of the mechanisms long in place of an intact animal that has relatively constant levels of C ORT present over time (B. McEwen, personal communication) .
The larger body of adrenal steroid research conducted in the hippocampus (Mitchell et al., 1992; Joels, 1997 ; but see Roozendaal et al., 1992; Roozendaal and McGaugh, 1997) may provide some key insights into the amygdala mechanisms observed in this study. An interesting dynamic exists in the CA1 region of the hippocampus in which C ORT influences 5-HT 1A receptor-mediated synaptic input. Without corticosteroid manipulation, local application of 5-HT induces a membrane hyperpolarization. However, with type I receptor occupation, the amplitude of the 5-HT-induced hyperpolarization is reduced, and with type II receptor occupation (during elevated CORT levels), the 5-HT responses were enhanced. These CORT-5-HT mediated effects are thought to occur at the genomic level (Karst and Joels, 1991; Joels and de Kloet, 1992) .
These findings in the hippocampus are consistent with our results in the amygdala, although different serotonin receptor subtypes may be involved. It is possible that CORT maintains the activity of the 5-HT 3 receptor on inhibitory interneurons. With little or no CORT present, the 5-HT 3 receptors are insufficient to activate local GABAergic modulation of glutamate activity. However, with basal or stress levels of CORT, glutamatergic sensory input is more effectively filtered to permit relevant stimuli to be processed by the amygdala. A next step in the pursuit of this hypothesis is to measure 5-HT 3 receptor expression, showing colocalization with type II (GR) and/or type I (MR) in GABA interneurons and determining the role of adrenal steroid replacement on 5-HT 3 receptor expression. There is a precedent for such a study: the 5HT 1A receptor is biphasically modulated by type I and type II receptors as determined by mRNA, receptor binding, and electrophysiological studies (for review, see Joels, 1997) . The mechanisms involved in both the hippocampal and amygdala 5-HT-CORT interactions may not be entirely dissimilar. In both cases, type II receptor occupation facilitates the intrinsic modulatory patterns of each receptor subtype. The hyperpolarizing effects of 5HT 1A receptor are enhanced with type II receptor occupation, whereas enhancement of the excitatory 5-HT 3 receptor can be inferred via facilitation of GABAergic inhibition.
Functional implications
The inhibition of afferent excitation of 5-HT in the LA is likely to play an important role in information processing by the amygdala. In the intact animal, mechanisms or stimuli that enhance 5-HT release in the LA (such as stress-induced central CORT release) can serve to selectively modulate incoming stimuli before it is fully processed by the amygdala and affect downstream responses initiated by the CE.
For example, glutamatergic transmission plays a crucial role in amygdala processing and plasticity (Li et al., 1996; Maren and Fanselow, 1996; Rogan and LeDoux, 1996) , and its modulation can influence amygdala-dependent functions, such as fear conditioning. Unlike the hippocampus and paraventricular nucleus of the hypothalamus, which downregulate stress mechanisms, the amygdala appears to have a facilitatory role on the stress response (Honkamiemi and Pelto-Huikko, 1992; Fuchs and Flugge, 1995; Pich et al., 1995; Watts and Sanchez-Watts, 1995) . Chronic CORT Figure 5 . A, Nissl-stained section of the L A and surrounding regions (low power, 5ϫ objective). Area of detail shown in the immunolabeled sections is outlined. Scale bar, 200 m. B, Photomicrographs of GR immunolabeling in the lateral amygdala (high power, 20ϫ objective). Scale bar, 50 m. In the intact animal, GR distribution is found throughout the L A and is concentrated in the cell nuclei in its activated form (as labeled with the GR-57 antibody). There is a change in distribution of the type II GR in several of the amygdala nuclei as a f unction of C ORT dose. C, In the ADX brain with no endogenous CORT, nuclear labeling of the GR with the GR-57 antibody essentially disappears. D, ADX with 1 mg of C ORT replacement shows a GR distribution pattern with more sparse nuclear staining in the lateral amygdala. E, ADX with 5 mg of C ORT results in a strong reinstatement of nuclear GR labeling. F, Similar to the 5 mg group, 10 mg of C ORT replacement results in dense nuclear GR staining in the L A. *p Ͻ 0.05.
treatment potentiates amygdala-dependent fear-conditioning responses (Corodimas et al., 1994 ; C. Conrad, personal communication) but decreases performance on hippocampal-dependent spatial tasks (Shors and Dryver, 1992; Conrad et al., 1996) and impairing neuronal plasticity in the hippocampus (Shors et al., 1990; Pavlides et al., 1995) . In summary, we propose that excitatory auditory sensory signals are modulated by serotonergic receptors and peripheral stress hormones in the L A. These substances, in other words, change the sensitivity of amygdala neurons to the stimuli that are activating them. C larification of the influence of serotonin over sensory processing by the amygdala would be an important step in understanding how stimuli are processed by the amygdala and how autonomic, endocrine, and behavioral responses are regulated by this system. This complex interaction between glutamatergic sensory input, serotonergic modulation, and a CORTmediated gain control can serve as the basis of an adaptive behavioral state in which during periods of stress or fear, incoming sensory signals can be adjusted to maximize awareness or perception of important signals in the environment. Number of labeled cells, exclusively cytoplasmic, and exclusively nuclear staining patterns were distinguished. In all regions examined in all C ORT treatment groups, the ADX group demonstrated essentially no detectable GR-ir levels. A, A count of the number of GR-labeled cells demonstrated a significant difference in the ADX condition, with no differences among the remaining conditions. B, Counting cells with only cytoplasmic staining, the intact and low-CORT conditions contain the same number of cells, and these groups are significantly higher than the 5 mg of C ORT group and approaching significance in the 10 mg of CORT group. C, Counting cells with only nuclear staining, the high-C ORT groups are now significantly higher than the intact and low-CORT group.
